ABSTRACT. Cone penetration tests (CPT) and drilling results are used to characterize the Middle Belgium loess sequence. A two scale study has been realized in the Hesbaye region (Belgium). The study on a regional scale was performed along a 18 km long section of the high-speed railway Liège-Brussels. About 230 tests were compiled. Results show the loess thickness is very variable and can locally reach 20 m. Tertiary deposits become continuous and they rapidly thicken from Waremme to the West. The lower surface of the Tertiary deposits is characterized by a 0.3% apparent dipping to the NW. The dipping likely results from the Ardenne Massif uplift. The local scale study focuses on the site of Remicourt located along the high-speed railway. 24 CPT tests have been carried out very close to a series of archaeological trenches. The analysis shows penetrometers are able to define some stratigraphic markers within the loess layer. The most identifiable marker is stratigraphically located around the transition between the Humiferous Complex of Remicourt and the Rocourt Pedocomplex. The lens-shape of the loess ridge is also confirmed by the penetrometers' interpretation. Furthermore, the 3D morphology of each stratigraphic marker can be estimated. These results offer interesting perspectives for the investigation of the loess sequence related to archaeological applications.
Introduction
Loess is an aeolian deposit characterized by a very well sorted grain size distribution predominantly ranging between 10-50 µm (corresponding to coarse silt from ASTM D2487-06). In its detailed definition of loess, Pécsi (1990 Pécsi ( , 1995 added that the weight percentage of the silt fraction corresponds to 40-70%. Geologists, geomorphologists and soil scientists usually consider this material as a sedimentary sequence with heterogeneities even at local scale (palaeosols, unconformity surfaces, palaeovalleys...). In addition to preliminary survey works, characterization of loess and resulting interpretations are classically performed by sedimentological (e.g. Antoine et al., 2013; Guo et al., 2013) , pedological (e.g. Ding et al., 1999; Schellenberger & Veit, 2006) , mineralogical (e.g. Smykatz-Kloss et al., 2004; Pouclet et al., 2008; Pouclet & Juvigné, 2009 ) and chronostratigraphic (e.g. Buylaert et al., 2008; Roberts, 2008) studies. Results of these studies point out a succession of layers and horizons including removed sediments, eventual tephra (e.g. Pouclet et al., 2008; Pouclet & Juvigné, 2009 ) and post-depositional processes as palaeosols formation (e.g. Antoine et al., 2013; Guo et al., 2013; Schellenberger & Veit, 2006) , redox processes, chemical and mineralogical modifications (e.g. Schellenberger & Veit, 2006) . Moreover, loess deposits are very easily erodible, raising the complexity for stratigraphic studies due to the presence of locally eroded layers and unconformity surfaces.
A major limitation for common approaches to characterize the stratigraphy of loess sequences is the need for observable sections for the description, the sampling and the in situ analysis of the sequences. These sections are unfortunately rare, often temporary and not deep enough. An alternative could be sampling from drillings but it becomes expensive for thick loess layers. Moreover, the recognition of horizons based on samples is not always easy.
These limitations lead us to propose another alternative to characterize loess stratigraphy based on cone penetration tests (CPT). Indeed CPT is a common and worldwide test usually performed for civil engineering applications (e.g. estimation of the bearing capacity (Bustamante & Gianeselli, 1982) , settlement (Tonni & Gottardi, 2011) , liquefaction (Zhang et al., 2002) ). It is fast, repeatable, and economical, compared to drilling. CPT consists of pushing a cone tip at the end of a series of rods into the ground at constant rate to measure continuously or intermittently the resistance to penetration of the tip. Measurements of the friction resistance on the outer surface of tubes or on a surface sleeve can also be performed. Geotechnicians use CPTs to mechanically characterize subsoil layers in order to provide quantitative data on the mechanical behaviour through depth. But civil engineering applications usually do not focus on a detailed loess stratigraphy study. Geotechnicians usually consider this material as a homogeneous fine soft material. Numerous studies also perform CPTs to distinguish between soil materials for environmental and agricultural applications (e.g. tillage system (Alvarez & Steinbach, 2009 ), crop growth (Grunwald et al., 2001) ). These applications rarely investigate a depth exceeding two metres beneath the ground surface. In this study the mechanical approach from CPT data is applied to Middle and Late Pleistocene loess located in the eastern part of the Hesbaye region. Figure 1 . Location map of the places and regions mentioned in this paper. The dotted area represents the extent of the Hesbaye region. The highspeed railway between Liège and Brussels is also located: the solid line corresponds to the investigated section (between Rocourt and Waremme) and the non investigated sections are symbolized by the dotted lines. Abbreviations are used for localities (points): BM = Baraque Michel; Br = Brussels; Li = Liège; Ma = Maastricht; Na = Namur; Ti = Tienen; Wa = Waremme. Well-known Pleistocene investigated sites in Middle Belgium are represented by crosses: Ha = Harmignies; He = Hélin quarry; Ke = Kesselt; Lx = Lixhe; Ms = Maisière-Canal; Rc = Rocourt; Re = Remicourt; Rm = Romont quarry; Ve = Veldwezelt.
Regional geological setting
The Ardenne massif started to significantly uplift from lower Paleocene (Demoulin, 1995) . Due to the evidence of Oligocene marine sands at Baraque Michel, it has been estimated that the Ardenne massif has uplifted at least 400-500 m in its NE part since Oligocene (Demoulin, 1998) . Measurements of the Oligocene deposits basement surface performed on the northern margin of the Ardenne massif around the Pays de Herve region (east of the Liège area) reveal a NNW-dipping of 0.6% (Demoulin, 1995) . This inclination is related to the uplift of the Ardenne massif.
During Quaternary
The aeolian silt deposits found in Middle Belgium belong to the Eurasian loess belt that extends from NW France to Siberia, over Belgium, the Netherlands, Germany, Poland, Ukraine and the Russian Plain Haase et al., 2007; Haesaerts et al., 2009) . Many studies have shown evidence of loess stratigraphic correlations between different investigated sites on a regional scale (Haesaerts & Van Vliet-Lanoë, 1981; Haesaerts et al., 1999; Pirson, 2007) (Fig. 2) , and even on a continental scale ). The main studied Middle and Late Pleistocene loess sequences in Middle Belgium are shown in Figure 1 (see cross symbol).
The loess sequence of Middle Belgium is divided into lithostratigraphic units recently defined by Haesaerts et al. (2011a) . The definition of the different lithologic and pedological units has often evolved since the first modern version proposed by Gullentops (1954) . The most recent definition of the Late Pleistocene units is presented by Pirson et al. (2009) while Haesaerts et al. (2011b) focus on the sequence between Eemian and the beginning of the Weichselian early pleniglacial. The main units are described below, from bottom to top.
The Rocourt Pedocomplex is probably the most studied lithostratigraphic unit in NW Europe due to its palaeoclimatic evolution records and the presence of numerous artifacts (Haesaerts & Mestdagh, 2000; Haesaerts et al., 2011b; Pirson & Di Modica, 2011) . In Belgium, this unit was firstly defined in
The Hesbaye region (Middle Belgium) is a natural region characterized by its cultivated lands. The region has no officially defined borders. It is, however, well-established to place the southern and eastern boundaries of the region at the top of the flank of the Meuse valley ( Fig. 1) (e.g. de Heinzelin, 1984) . The western limit is approximately a N-S axis extending from the Meuse valley to the city of Tienen. The northern limit is a W-E axis starting from Tienen to the Meuse valley near Maastricht.
From Cretaceous to Oligocene
In Hesbaye, deposits older than Maastrichtian have negligible influence on the surface loess layer. Maastrichtian deposits are mainly composed of grey and white chalk containing continuous flint nodule layers -the Gulpen Formation (Robaszynski, 2006) . In the eastern part of the Hesbaye region, the Maastricht Formation composed of calcarenite is on top of the Gulpen Formation (Robaszynski, 2006) . A marine regression at the end of Maastrichtian caused erosion and dissolution of the top of the chalk and calcarenite layers, and resulted in a flint nodule conglomerate at the top of the Gulpen Formation. The sea covered again the eastern part of the Hesbaye during Selandian and Thanetian (Paleocene). This resulted in the deposit of the Heers Formation (sands and marls) (Laga & De Geyter, 1988) and the Hannut Formation (clays, fine sands, siliceous limestones, siltstones and sandstones) (De Geyter, 1988) . During Rupelian (early Oligocene) new deposits covered the eastern part of the Hesbaye region. They are related to a marine transgression and are composed of fine sands, silts and clays of the Sint-HuibrechtsHern Formation (Laga, 1988) . Evidence of Oligocene deposits has also been found at 700 m a.m.s.l. at Baraque Michel (Demoulin, 1998) . At the end of Oligocene the sea receded for the last time. Finally the Oligocene deposits have been overlaid by aeolian silt layers during Quaternary. These deposits are mainly related to the last glaciation (Weichselian). They compose the Romont Group subdivided into two formations: the Veldwezelt Formation and the Gembloux Formation (Haesaerts et al., 2011a) . According to the characteristics of the pyroclasts, the origin of the Eltville Tephra is consistent with an alkaline basaltic magma located in the east Eifel (Pouclet & Juvigné, 2009 ). Recent TL data allocates an age of 20 ka for the Eltville Tephra (Pouclet & Juvigné, 2009 ).
Investigation sites and methods
The loess sequences are often studied from observable sections (quarry faces, excavations…). A detailed study of the sequence is then available. But a major limitation to study loess in detail is the scarcity of these observable sections. Moreover, they are often temporary and not deep enough. Geotechnical investigation results (mainly from drillings and cone penetration tests) could be an interesting source of complementary information that extends the loess investigation in many other places. However geotechnical tests are spatially limited and not close enough to each other compared to the spatial variability of loess. This is why regional study of loess is difficult and challenging.
Investigated sites

Along the high-speed railway Liège -Brussels (section Bierset -Waremme)
A geotechnical investigation campaign was performed by Belgian companies in the 1990s. These investigation works were related to the construction of the high-speed railway between Liège and Brussels. Attention has been paid on a section between Bierset and Waremme that crosses the eastern and central parts of the Hesbaye region from SE to NW. Available geotechnical data along this 18 km long section have been collected and summarized on a cross-section ( 
Site of Remicourt
On the site of Remicourt, 24 penetrometer tests related to the high-speed railway were performed by the Geotechnologies Laboratory of the University of Liège in 1994. The tests are distributed on a 17.5 x 5 m² area along the high-speed railway Liège-Brussels near the localities of Momalle and Remicourt (Figs 3, 4) . The spatial distribution of the CPTs corresponds to detail as the 'Rocourt Soil' by Gullentops (1954) in the Gritten sand pit (Rocourt, NW of Liège) as a well developed red brown illuviated horizon (B2t) overlain by a 10 cm thick whitish eluviated horizon (E), all attributed to the last interglacial. Afterwards three distinct pedogeneses have been distinguished. The present-day system allocates the three pedogeneses to the following pedological units: the Harmignies Soil, and the VillersSaint-Ghislain A and B Soils (VSG-A, VSG-B) (Haesaerts, 1978; Haesaerts & Van Vliet-Lanoë, 1981; Haesaerts et al., 1999 Haesaerts et al., , 2011b . The eluviated whitish horizon on the top of the Rocourt pedocomplex has been named Whitish horizon of Momalle (WHM) (Haesaerts et al., 1997a) . Thermoluminescence (TL) dating specifies the age for the Rocourt Pedocomplex between 120 and 70 ka (Van den Haute et al., 2003) corresponding to the last interglacial and the Weichselian early glacial. The top of the Rocourt Pedocomplex represents the upper limit of the Hainaut Member of the Veldwezelt Formation (Haesaerts et al., 2011a) .
The Rocourt Pedocomplex is overlain by the Humiferous Complex of Remicourt (HCR -named by Haesaerts et al., 1997a from the Remicourt sequence), also named Warneton pedocomplex (Paepe, 1967a (Paepe, , 1967b ; see also Van Vliet-Lanoë, 1990 ). This is a dark horizon, Chernozem-like soil, related to the end of the Weichselian early glacial dated between 100 and 70 ka (TL dating, Van den Haute et al., 2003) . More recently correlation with the Greenland reference sequence for Late Pleistocene places the HCR between 80 and 78 ka (Haesaerts et al., 2011b) . The HCR is subdivided into three units (Haesaerts et al., 1999; Pirson, 2007) . The first one forms the lower third of the layer and is distinguished from the two upper parts by intense bioturbation evidence. The lower and the medium parts are separated by a hiatus. Enstatite-rich volcanic minerals have been discovered in the two upper thirds of the HCR for the first time in the Gritten sand pit (Gullentops, 1954) and afterwards in many other sites in Belgium (Juvigné, 1977; Juvigné & Semmel, 1988; Juvigné et al., 2008 Juvigné et al., , 2013 Pouclet et al., 2008; Pirson & Juvigné, 2011) . The enstatite-rich tephra was named by Juvigné as the Rocourt Tephra (Juvigné, 1977; Juvigné, 1993) . The HCR is included into the Warneton Member of the Gembloux Formation (Haesaerts et al., 2011a) .
The Malplaquet Soil is described as an illuviated brown soil (E.B.2 of the Harmignies sequence, Haesaerts & Van Vliet, 1974) located above the HCR but often separated from it by laminated deposits. It was previously considered as the third pedogenesis of the Rocourt Pedocomplex (Haesaerts et al., 2011b) . TL dating gives an age close to 80.2 ± 8.2 ka for the Malplaquet Soil from the Harmignies sequence (Frechen et al., 2001) , in the first half of Weichselian early pleniglacial. The correlation with the Greenland reference sequence positions this soil around 76 ka, in agreement with TL data (Haesaerts et al., 2011b) .
The Vaux Soil is located in the early Weichselian middle pleniglacial, with an age between ca 40 and ca 42 ka BP ( 14 C, Pirson et al., 2006) . This is described as an argillaceous illuviated brown soil (H.B.4 of the Harmignies sequence, Haesaerts & Van Vliet-Lanoë, 1974) . The Vaux Soil is attributed to a part of the Vellereille Member of the Gembloux Formation (Haesaerts et al., 2011a) .
Higher in the loess sequences, the base of the Brabant Member of the Gembloux Formation is defined by the Nagelbeek Tongued Horizon (NTH, Haesaerts et al., 2011a) , previously named the Kesselt Tongued Horizon Van Vliet-Lanoë, 1992) . This is a slightly humiferous grey palaeosol characterized by a well-developed inclined tongue-shape cryoturbated base. Dating results attribute an age for the NTH around 22 ka uncal BP ( 14 C, , corresponding to the Weichselian late pleniglacial. The NTH constitutes a reference horizon due to its continuity in NW Europe (Lautridou, 1985; Van Vliet-Lanoë, 1992) . The Eltville Tephra is usually located at about one metre beneath the NTH. This is also a marker layer for the late pleniglacial loess in Belgium, Germany and the Netherlands, usually of about 1-2 mm thick dark deposits (Semmel, 1967; Meijs et al., 1983) . Cone penetration tests (CPT) consist of pushing continuously or intermittently a cone tip at the end of a series of rods into the ground at a constant rate of 2 cm/s. For the Remicourt site, the load to push the equipment into the ground is provided by a 25 T lorry equipped by a HYSON 200 kN penetrometer developed by A.P. van den Berg. The strength required to push the cone into the ground is exerted by a hydraulic system and the resulting hydraulic pressure is read on two manometers 0-20 MN/m² and 0-200 MN/m². The tip used in this study is a mechanical jacket cone (M1 Type) (Fig. 5) . It is a common, convenient and robust mechanical tip used from the 1950s characterized by a diameter of 35.7 mm (10 cm² cross-sectional area) and a 60° apex angle. The cone resistance q c values are read each 20 cm on the manometers and the pushing is intermittent. The local sleeve friction f s cannot be measured with the cone M1. The applied test procedure followed the international standard ASTM D3441-05. Values of the measured cone resistance are plotted through depth on a normalized graph.
Cone tips have been continuously developed for many years to be more accurate and to measure complementary parameters to the cone resistance. Local sleeve friction can be measured with a mechanical friction jacket cone tip (cone M2, also called Begemann Type) and with an electric cone tip (Fig. 5) . The cone M2 is pushed intermittently into the ground, with a measurement of q c and f s each 20 cm with depth. The electric cone is pushed continuously allowing a measurement each centimetre of the same parameters as the cone M2. The electric cone gives then a more detailed section of the intersected subsoil layers than the mechanical cones M1 and M2. Some electric cones are also able to measure the inclination of the tip, the pore water pressure, the conductivity (or resistivity) and the seismic wave velocity. Neither the mechanical cone M2 nor the electric cone was used in this study.
Results
At regional scale, along the high-speed railway section
Data obtained along the high-speed railway are presented in Figure 6 . The subsoil is subdivided into five units which can be identified based on sample description from drillings and CPT interpretation. The flint nodule conglomerate of the upper part of the Gulpen Formation is the most recognizable unit due to its very high resistance to penetration. Cone resistance always reaches the maximum value (60 MPa) allowed by the tip in this layer. The underlying chalk layer is only identified in drillings. The distinction between recent alluvium, Quaternary loess and Tertiary clays, sands and marls are also mainly based on sample observation from drillings due to its higher reliability compared to cone resistance results. The thickness of the flint nodule conglomerate continuously decreases to the west. The mean elevation of the top of the flint nodule conglomerate also decreases to the west. This inclination has an apparent dipping of 0.3% in the orientation of the crosssection (between A and C). If the real dipping of the same interface measured by Demoulin (1995) in the Pays de Herve region (east of Liège) is projected in the orientation of the two extremities of the cross-section, the apparent dipping becomes 0.25%. This value is in good agreement with the apparent dipping observed in the Hesbaye region.
Tertiary deposits are discontinuous and mainly consist of fine sands and clays of the Sint-Huibrecht-Hern Formation east of Waremme. On the contrary the western part is characterized by a continuous Tertiary unit becoming rapidly thicker than 10 m which is composed of clays, sands and marls represented by the Heers, the Hannut and the Sint-Huibrecht-Hern Formations.
The Quaternary loess layer is characterized by a highly variable thickness reaching locally more than 20 m. The establishment of the existing hydrographic network took place from the end of Tertiary when the sea receded to a NW direction. a regular network with 2.5 m spacing. This site is well known since archaeologists found about 400 artifacts attributed to Middle Palaeolithic (Bosquet et al., 2004 (Bosquet et al., , 2011 . During the archaeological explorations (in 1997 and 1998) conducted prior to the construction of the high-speed railway, a series of trenches were realized across the loess sequence near the investigated field with CPTs (Haesaerts et al., 1997a (Haesaerts et al., , 1997b . They intersected a loess sequence with a maximum thickness of 20 m. The nearest trenches (C9 and C11) were localized at 15 m to the South from CPTs. The loess stratigraphy study of the trenches has been compiled by Haesaerts et al. (1997a Haesaerts et al. ( , 1999 . The sequence includes loess from Middle Pleistocene, with the upper part affected by the Rocourt Pedocomplex, and a thick Late Pleistocene loess sequence characterized by the HCR, the Malplaquet Soil, the Vaux Soil, the NTH, a decarbonation limit and the Holocene Bt horizon. The lower part of the Late Pleistocene sequence of Remicourt is presented in Figure 2. from about 1.5 m depth. Then the local minimum is still usually present even if the cone resistance tends to reach more than 2 MPa. This unit is located around the HCR based on results from the trenches (Haesaerts et al., 1997a (Haesaerts et al., , 1999 .
Cone penetration test
The third stratigraphic marker is characterized by a sharp increase in the cone resistance resulting in the transition from loose to competent loess. Cone resistance reaches values more than 4 MPa. It often corresponds to a maximum in the loess profile. The third marker is located just below the second marker. Compared to the profile its position could attribute the third marker to the top of the Rocourt Pedocomplex.
A fourth stratigraphic marker can be extracted from the central part of the cross-section A (Fig. 7C) . It is parallel to the second and the third stratigraphic markers and is located about 2.2 m below the third one. Based on q c results it is characterized by the same trend as the third marker. However it seems to be discontinuous and laterally disappears between CPT22 and CPT23.
Discussion
The investigated site of Remicourt constitutes a great opportunity to confront detailed stratigraphic description of a well-developed loess ridge (after Haesaerts et al., 1997a Haesaerts et al., , 1999 with CPT data. Their comparison gives interesting results in terms of stratigraphic marker based on the mechanical behaviour of the loess sequence. The eastern part of the Hesbaye region is characterized by a thick loess layer that overtops the flint nodule conglomerate. The transition between the two layers is sharp and clearly identifiable based on the cone resistance measurements.
Inside the Quaternary loess layer some stratigraphic markers can be identified at the study scale (i.e. site of Remicourt) based on the cone resistance measurement. The limit between the HCR and the Rocourt Pedocomplex (third stratigraphic marker) is the most noticeable marker from the q c profiles. Measurements from the Veldwezelt site (Belgium) (Vancampenhout et al., 2008) show the HCR is composed by a higher organic matter content than surrounding layers. It is well established that low cone resistance values are measured in layers highly concentrated in organic matter (Robertson et al., 1986; Lunne et al., 1997) . The origin of high q c values at the transition between the HCR and the top of the Rocourt Pedocomplex is still not clearly understood. The top of the Rocourt Pedocomplex is defined by the Whitish horizon of Momalle. This horizon was probably formed during a freeze-thaw phase related to cold climatic conditions, characterized by a silty accumulation due to percolating melt water and cryoreptation (Haesaerts et al., 1999 (Haesaerts et al., , 2011b . The induration of this horizon could then be related to a well-developed fragipan. The exact stratigraphic location of the marker needs to be confirmed by further measurements. They could be performed by a pocket penetrometer directly on the excavation faces. This light tool is able to approximate the unconfined compressive strength of the material.
As a result the majority of the rivers flow from South to North. The cross-section highlights numerous N-S valleys. The majority of these valleys are now dry but were probably wet at the end of the Weichselian.
At local scale, on the site of Remicourt
By focusing on the Quaternary loess layer, some studies have shown that a Middle Belgium loess sequence can be schematically defined on a regional scale (Haesaerts & Van Vliet-Lanoë, 1981; Haesaerts et al., 1999; Pirson, 2007) . The Middle Belgium loess sequence has been established by comparison between different local loess sequences (e.g. Harmignies, Hélin, Remicourt, Rocourt). However many differences in the sequences also exist between the different studied sites. Moreover, the loess sequences are often affected by a high variability even at local scale (site scale). The detailed loess investigation at the site of Remicourt points out this local variability.
A detailed description of the loess stratigraphy of Remicourt (Haesaerts et al. 1997a (Haesaerts et al. , 1999 shows the presence of a loess ridge with a N-S axis. The ridge is composed of a well-developed Late Pleistocene loess sequence. The CPT campaign has been performed on the western side of the ridge. Based on CPT results two cross-sections (A and B) are proposed (see Fig. 4 for their location). The cross-section A is parallel to the trenches and includes 8 CPTs (from CPT17 to CPT24). The cross-section B is perpendicular to the previous one and intersects 3 CPTs (CPT1, CPT9 and CPT17). The location of the cross-section B has been chosen to cross the thickest loess layer investigated by the geotechnical testing campaign. Results of the two cross-sections are compared to stratigraphic descriptions proposed by Haesaerts et al. (1997a Haesaerts et al. ( , 1999 (Figs 7A, 7B) .
Based on cone resistance (q c ) variations through depth, some stratigraphic markers can be easily defined. The limit between loess and the flint nodule conglomerate is the most recognizable marker at a depth between 5.5 and 6.5 m. Then inside the loess sequence, four stratigraphic markers are identified based on a rapid increase or decrease of the cone resistance ( Figs 7C, 7D) . From the top to the bottom of the investigated sequence, these markers are detailed hereafter.
The first stratigraphic marker is located near one metre depth and is quite parallel to the ground surface. The marker is plotted at the local minimum of the cone resistance. Below this marker q c values increase. Compared to stratigraphic observations (Haesaerts et al., 1997a (Haesaerts et al., , 1999 ) the marker is stratigraphically located around the decarbonation limit and the NTH.
The second stratigraphic marker is slightly inclined to the east and is included into the lens-shape of the loess ridge. It is characterized by a drop in the q c values usually below 1 MPa. The unit defined by low cone resistance values, located below the second marker, is about 40 to 70 cm thick and often includes the minimum q c value of the profile. However this trend is slightly different where the layer becomes closer to the ground surface, Figure 6 . Cross-section of the eastern part of the Hesbaye region along the high-speed railway Liège-Brussels, between Bierset and Waremme. A vertical scale exaggeration of 50 has been considered to observe the elevation variations. The elevation data have been extracted from the NGI topographic maps at a scale of 1:10,000. Points A, B and C are also referred in Figure 3 . A. Stratigraphic cross-section of the loess ridge used as a reference for the CPT campaign interpretation (modified, after Haesaerts et al., 1999) . The elevation is taken from an arbitrary origin. B. Enlargement of the stratigraphic cross-section presented in Figure 7A around the trenches C9 and C11. C. Cross-section A parallel to the trenches based on CPT results. The elevation is reported to the average mean sea level (AMSL). D. Cross-section B perpendicular to the trenches based on CPT results. The elevation is reported to the average mean sea level (AMSL). Abbreviations: DL = decarbonation limit; GS = ground surface; HCR = Humiferous Complex of Remicourt; MS = Malplaquet Soil; RP = Rocourt Pedocomplex; NTH = Nagelbeek Tongued Horizon; SM = stratigraphic marker; VS = The Vaux Soil; WHM = Whitish horizon of Momalle.
The transition between the HCR and the Rocourt Pedocomplex (third stratigraphic marker) seems to become less clear when the horizons are located less than 2 m depth, near the decarbonation limit (see CPT 22 -24, Fig. 7C ). High values of the q c at the top of the Rocourt Pedocomplex are still well observable while the HCR is characterized by higher values in q c than elsewhere when the horizon is deeper. This could be due to the influence of a higher carbonate concentration just below the decarbonation limit. An increase in resistance of loess with higher carbonate content has already been observed from pocket penetrometer measurements (Amorosi et al., 2015) . Furthermore the CPT 22 to 24 were performed at the western extremity of the lens-shape loess sequence. As a consequence the HCR is probably thinner than in the central part of the lens-shape where it has been preserved. The HCR could then be hidden around the CPT 22 to 24.
The first stratigraphic marker could be related to either the decarbonation limit, with high carbonate content below this limit, or the NTH. It seems more likely that the first stratigraphic marker is originated from a higher carbonate content. However the decarbonation limit and the NTH are stratigraphically too These preliminary results in terms of stratigraphic markers offer interesting perspectives for archaeological applications. CPTs easily penetrate the loess layer until its basement. They could then be used complementary with common and cheap investigation techniques as the hand auger drilling technique in areas far from direct observable sections. Moreover the most significant stratigraphic marker is located around the transition between the HCR and the Rocourt Pedocomplex. These units include the majority of the archaeological materials found in Middle Belgium related to Middle Palaeolithic (Pirson & Di Modica, 2011) .
The penetration equipment used is this study consists in a mechanical cone jacket (M1 Type) with discontinuous (each 20 cm) measurements of the cone resistance with depth. Recent developments in electric cones allow to investigate the mechanical properties every centimetre by measuring the cone resistance (q c ) and the sleeve friction (f s ). This approach has recently been tested on the site of Romont (Eben-Emael, Belgium) and leads to complementary promising results (Delvoie et al., 2016) . Further investigations could result in the definition of stratigraphic markers at regional scale based on a geotechnical approach.
Strength measurements from the excavation faces are also needed to definitely validate the stratigraphic position of the observed markers. Indeed the distance between the excavation faces and the CPTs induces an uncertainty of the exact stratigraphic position of the markers. This could be performed with a light tool like a pocket penetrometer which is able to approximate the unconfined compressive strength. Unfortunately the trenches from the site of Remicourt were filled up. The methodology could then be applied to another site where an interesting thick loess layer exists and where a section cuts the loess sequence. These complementary measurements will be performed in the quarry of Romont (Eben-Emael, Belgium).
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Finally the fourth stratigraphic marker appears as discontinuous. It is parallel to the second and the third previously defined markers. It is characterized by a rapid increase in q c values. The study of Haesaerts et al. (1999) refers the existence of very compact units related to the Late Saalian glaciation that have only been observed on the western side of the loess ridge. Further investigations are needed to confirm the origin of the fourth marker.
From a geomorphological point of view the CPT campaign confirms the lens-shape of the western part of the loess ridge. The cross-section B also indicates the layers that compose the ridge slightly deepen to the North. The 3D morphology of each marker horizon can then be characterized. The decarbonation limit is closely parallel to the ground surface while the top of the HCR and the top of the Rocourt Pedocomplex deepen to the NE.
To ensure the stratigraphic correlation between cone resistance values and lithology, it should be really interesting to perform measurements of the compressive strength properties directly from the trenches or from undisturbed core samples coming from the investigated site. Unfortunately the trenches were filled up and no core samples are available for further analysis.
Results are based on measurements of the cone resistance (q c ) from a mechanical cone tip M1. It is a very commonly used tip with measurements each 20 cm with depth. Electric tips have recently been developed and give access to measurements every centimetre with depth. With such kind of tips, the investigated section is more detailed and loess layers/horizons with a thickness of some centimetres only can be detected. An electric cone has recently been tested on the site of Romont (Eben-Emael, Belgium) and gives complementary promising results (Delvoie et al., 2016) . This equipment significantly increases the accuracy of the investigated loess sequence. Moreover the electric tips also measure the sleeve friction (f s ) which could give access to the definition of additional stratigraphic markers.
Conclusions and perspectives
The geotechnical investigation along a section (BiersetWaremme, eastern part of the Hesbaye region, Belgium) of the high-speed railway Liège-Brussels specifies the geological setting at regional scale. The loess layer is characterized by a very high variability in its thickness. It can locally reach 20 m thick. Continuous Tertiary deposits appear around Waremme (in the cross-section) and thicken to the west. The flint nodule conglomerate layer located on top of the Maastrichtian chalk thickens to the SW. The lower surface of the Tertiary deposits is characterized by a 0.3% apparent dipping to the NW.
A site located along the high-speed railway Liège-Brussels has been studied in more detail. The site of Remicourt (SE of the Hesbaye region, Belgium) has been investigated by a CPT campaign located very close to a series of trenches allowing a detailed stratigraphic description of the intersected loess sequence (after Haesaerts et al., 1997a Haesaerts et al., , 1999 . Results of the stratigraphic observations reveal a well-developed lens-shape loess sequence including the upper part of the Middle Pleistocene and Late Pleistocene.
Comparison between the CPTs performed on the site of Remicourt and the detailed stratigraphic description, indicates cone resistance (q c ) measurements are able to define some stratigraphic markers within the loess layer. The most recognizable marker is the transition between the Humiferous Complex of Remicourt and the Rocourt Pedocomplex. The lens-shape of the loess sequence is confirmed by the CPT interpretation. Furthermore the 3D morphology of each stratigraphic marker can be estimated from the available data. The results show that the layers included into the western part of the loess ridge deepen to the NE.
